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Abstract. A reliable and up-to-date ship emission inventory contribution to tropospheric column ozone is up to 5-6%.
is essential for atmospheric scientists quantifying the impacfThe overall impact of ship emissions on global methane life-
of shipping and for policy makers implementing regulations time is large due to the high NGemissions. With regard to
and incentives for emission reduction. The emission mod-acidification we find that ships contribute 11% to nitrate wet
elling in this study takes into account ship type and size de-deposition and 4.5% to sulphur wet deposition globally. In
pendent input data for 15 ship types and 7 size categoriesertain coastal regions the contributions may be in the range
Global port arrival and departure data for more than 32 00015-50%.
merchant ships are used to establish operational profiles for In general we find that ship emissions have a large im-
the ship segments. The modelled total fuel consumptiorpact on acidic deposition and surface ozone in Western
amounts to 217 Mt in 2004 of which 11 Mt is consumed in North America, Scandinavia, Western Europe, western North
in-port operations. This is in agreement with international Africa and Malaysia/Indonesia. For most of these regions
sales statistics. The modelled fuel consumption is applied ta@ontainer traffic, the largest emitter by ship type, has the
develop global emission inventories for g0y, SOy, CO, largest impact. This is the case especially for the Pacific and
CHg4, VOC (Volatile Organic Compounds),J®, BC (Black  the related container trade routes between Asia and North
Carbon) and OC (Organic Carbon). The global emissionsAmerica. However, the contributions from bulk ships and
from ships at sea and in ports are distributed geographicallytank vessels are also significant in the above mentioned im-
applying extended geographical data sets covering about pact regions. Though the total ship impact at low latitudes
million global ship observations and global port data for is lower, the tank vessels have a quite large contribution at
32000 ships. In addition to inventories for the world fleet, low latitudes and near the Gulf of Mexico and Middle East.
inventories are produced separately for the three dominatinghe bulk ships are characterized by large impact in Ocea-
ship types, using ship type specific emission modelling andnia compared to other ship types. In Scandinavia and north-
traffic distributions. Western Europe, one of the major ship impact regions, the
A global Chemical Transport Model (CTM) was used to three largest ship types have rather small relative contribu-
calculate the environmental impacts of the emissions. Weions. The impact in this region is probably dominated by
find that ship emissions is a dominant contributor over muchsmaller ships operating closer to the coast. For emissions in
of the world oceans to surface concentrations of,N@d ports impacts on N@and SQ seem to be of significance.
SO,. The contribution is also large over some coastal zonesFor most ports the contribution to the two components is in
For surface ozone the contribution is high over the oceanghe range 0.5-5%, for a few ports it exceeds 10%.
but clearly also of importance over Western North America The approach presented provides an improvement in char-
(contribution 15-25%) and Western Europe (5-15%). Theacterizing fleet operational patterns, and thereby ship emis-
sions and impacts. Furthermore, the study shows where
Correspondence taS. B. Dalsgren er_nission_reductions can be app_lied to most effectively mini-
= (s.b.dalsoren@geo.uio.no) mize the impacts by different ship types.
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1 Introduction along major shipping lanes (Beirle et al., 2004; Richter et al.,
2004). Ship plume processes are generally not resolved by
The world’s merchant fleet of 2004 consisted of nearly global models with a resolution (grid box sizes) of hundred of
91 000 ships above 100 gross tonnes (GT), of which cargokilometres. These models therefore smooth out the emissions
carrying ships account for roughly half (Lloyds Register over larger areas. Detailed chemical box-model studies and
(LR), 2005). The remaining half is employed in non-trading measurements increase our understanding of subgrid-scale
activities like supporting the offshore and oil industry, fishing processes taking place within fresh undiluted plumes. Stud-
and services (e.g. towage, dredging, surveying). Ship transies and measurements indicate that plume chemistry have to
portation accounts for the majority of world global trade vol- be better taken into account in the impact modeling (Kasib-
umes (almost 2/3 according to Hoffmann and Kumar (2003),hatla et al., 2001; Chen et al., 2005; Song et al., 2003; von
80% according to Rodrigue et al. (2006), and is gener-Glasow et al., 2003). These studies suggest enhancgd NO
ally considered environmentally friendly compared to other destruction within the ship plumes. It is possible that some
transportation means. Nevertheless, ship emissions genemodels might overestimate the effect of ship emissions on
ated by the merchant fleet are reported to represent a sighe NQ,, OH and ozone budget. Still, the amount of obser-
nificant contribution to the global anthropogenic emissionsvational data from ship plumes is limited and more data and
(Endresen et al., 2003, 2007; Eyring et al., 2005; Corbetistudies are needed.
and Koehler, 1999). The actual levels of emissions from Ozone is estimated to be the third most important of the
ocean-going ships are subject to an ongoing scientific degreenhouse gases contributing to warming since the pre-
bate. The debate revolves around whether bunker sale statifgadustrial era (Ramaswamy et al., 2001). Exposure to high
tics are representative when estimating fuel based emissiongzone levels are linked to (Mauzerall and Wang, 2001; EPA,
whether input data on engine operation profiles are repre2003; WHO, 2003; HEI, 2004) aggravation of existing res-
sentative when estimating activity based energy consumptiopiratory problems like asthma, increased susceptibility (in-
and emissions (Corbett and Koehler, 2003, 2004; Endresen ééctions, allergens and pollutants), inflammation, chest pain
al., 2002, 2004, 2007, Eyring et al., 2005), and whether theand coughing. Elevated ozone during the growing season
geographical distribution of emissions being used are repremay result in reductions in agricultural crops and commer-
sentative for the world fleet (Corbett and Koehler, 2003; En-cial forest yields, reduced growth, increased susceptibility
dresen et al., 2003). This study aims to strengthen the accifor disease and visible leaf damage on vegetation (Ember-
racy and validity of activity based ship emissions modelling, son et al., 2001; Mauzerall and Wang, 2001). Ozone might
using improved modelling tools and data sets. also damage polymeric materials such as paints, plastics and
In this study the emissions from ships in ports on a globalrubber. Several studies have calculated the ship impact on
scale have been considered for the first time, using voyag@zone levels (Endresen et al., 2003; Lawrence and Crutzen,
data for more than 32,000 ships in the world fleet. Also,1999; Dalsgren et al., 2007; Cofala et al., 2007; Derwent
the voyage data are used to establish activity profiles with &t al., 2005; Collins et al., 2007; Eyring et al., 2007) using
breakdown on 15 different ship types and 7 size categoriesgifferent emission inventories. Cofala et al. (2007) discuss
105 ship segments in all. The calculated activity profiles arethe European health impacts related to ground level ozone
combined with ship type and size dependent input data, to esand the contribution from shipping. Observations have indi-
timate energy consumption and emissions. The at sea emigated that ozone might increase, have a weaker negative trend
sions are then distributed globally based on about 2 millionor even an opposite trend than nearby land emissions over
global ship observations, combining unpublished AMVER Oceans and semi-polluted coastal regions (Lelieveld et al.,
data and COADS data. The in port emissions are distribute@®004; Isaksen et al., 2005; Parrish et al., 2008). As pointed
based on a new approach. out in these studies increasing ship emissions might be one
The ship emissions affect the concentrations of severabf several causes for these findings.
components in the atmosphere. This in turn may impact The hydroxyl radical (OH) reacts with and removes sev-
health, ecosystems, building materials and climate. Primaryeral pollutants and greenhouse gases; one of them is methane
components like particles, NQO CO, NMVOCs and S@  (CH4). The OH abundance itself is in turn highly depen-
may potentially cause problems in coastal areas and harboudent on some of these pollutants, in particular,CNOy and
with heavy traffic because of their impact on human healthCO (Dalsgren and Isaksen, 2006; Wang and Jacob, 1998;
at high concentrations (Saxe et al., 2004; EPA, 2003). PreLelieveld et al., 2002). Whereas CO and £#inissions tend
vious model studies have found high increases close to théo reduce current global averaged OH levels, the overall ef-
regions with heavy traffic, in particular in the North Sea and fect of NO, emissions are to increase OH (Dalsgren and Isak-
the Channel. Model studies in general find Nédncentra-  sen, 2006). Due to the large N@missions from shipping,
tions to be more than doubled along the major world shippingthis emission source leads to quite large increase in OH and
lanes (Endresen et al., 2003; Lawrence and Crutzen, 1999educed methane lifetime (Lawrence and Crutzen, 1999; En-
Dalsgren et al., 2007; Eyring el et al., 2007). Observationgdresen et al., 2003; Dalsgren et al., 2007; Eyring et al., 2007).
from satellite have also indicated high M®@oncentrations
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NOy oxidation by OH leads to formation of nitrate. When Geographically distributed
nitrate undergoes dry deposition or rainout it may contribute Emissions
. . . e . . T 1
to EUthroph|Catlon or aC|d|f|Cat|on in VUInerable eCOSyStemS | Traffic and port call distributions || Emission volumes |

T T
Engine load H Operational profile

(Vitousek et al., 1997; Galloway et al., 2004). Sulphur —
emissions might reduce air quality over land e.g. by con- | bt T
tributing to sulphate particles or sulphate deposition.» SO [t pover Specific fuel
emissions from shipping are oxidized to sulphate primarily .
in the aqueous phase (in cloud droplets and sea salt parti-, . . .
cles) and also in the gas phase by the OH radical. Scandi.'9- 1- Conceptior activity based fleet emission modelling (0740
navia, coastal countries in Western Europe and the Mediter.-sq‘ etc.). The ge_ographmally distributed CMISSIoNS are used as
ranean, Northwestern America and partly Eastem AmericampUt to atmospheric models for the assessment of impacts.
and Asia have been shown to be substantially impacted by
Sh|p related acidification. (Endresen et al., 2003, Collins ett|fy|ng individual impacts from major Sh|p types are found
al. 2007; Dalsgren et al., 2007; Lauer et al., 2007; Marmefin sect. 8. In Sect. 9 we summarize and highlight the most
and Langmann, 2005). Fewer model studies have been pejmportant findings and outcomes.
formed on other aerosols (Black carbon (soot), organic car-
bon, etc) than sulphate (Lauer et al., 2007; Dalsgren et al.,
2007). There is much concern about a number of healtt? Fleet emissions modelling approach
impacts of the fine and ultra-fine aerosols in polluted areas o ) ]
(Martuzzi et al., 2003; Nel, 2005). Corbett et al. (2007) es-Different emission modelling approaches are described by
timates 20 000 to 104 000 premature deaths globally relatedMEP (2002). Endresen et al. (2003, 2007), Corbett and
to particles caused by shipping. Aerosols have a direct effecioehler (2003) and Eyring et al. (2005) have all modelled
on climate and visibility by scattering and/or absorbing solar9/obal emission inventories for shipping. We have estimated
radiation thereby influence the radiative balance (Penner 1€ fuél and emissions for the year 2004 world fleet, based
al., 2001; Ramanathan et al., 2001). Aerosols can also act &1 an improved and extended approach of the modelling ap-
condensation nuclei, modify cloud properties and precipita-Proach used by Endresen et al. (2003, 2007), Corbett and
tion rates and through that have indirect climate effects (Ra/<0ehler (2003) and Eyring et al. (2005). Compared to En-
manathan et al., 2001). Measurements have revealed bofffesen etal. (2003, 2007) the model presented here has been
direct and indirect effects of aerosols from ship emissionsMProved as fleet power is directly calculated using data for
(Hobbs et al., 2000; Durkee et al., 2000; Ferek et al., 2000individual ships, and that the calculations are broken down
Schreier et al., 2006; Schreier et al., 2007; Devasthale et al9n many more ship segments, allowing for greater differenti-
2006) ation. Compared to Eyring et al. (2005) the model presented

Several studies have made estimates on the ship emissiohére Uses a greater number of fleet segments, introduces new
impact on climate for one or more components (Capaldo efdata on.ac_t|V|ty profiles andllncl_udes. detailed modelling of
al., 1999; Endresen et al., 2003, 2008; Eyring et al., 2007port emissions. The modelling in this study was made for
2008; Lee et al., 2007; Lauer et al., 2007; Dalsgren et al.both port and at sea mode (cruising), with a breakdown on
2007; Fuglestvedt et al., 2008; Berntsen and Fugelstvedtl0> different ship types and size segmentsx(Z3natrix).
2008). Fuglestvedt et al. (2008), Berntsen and Fuglestvedt h& modelling approach is illustrated in Fig. 1, where the
(2008), Endresen et al. (2008) and Eyring et al. (2008) givemodel for emission volumes (grey boxes) are described in
measures or reviews of the overall impact. The range of valthis section, while the geographical modelling is presented
ues in the studies is wide and the uncertainties are large, i) S€ct. 4. o
particular for indirect effects. A comparison to the climate  The exhaust gas emission of pollutant typerom the
impact of other transport sectors was made by Fuglestvedt t€€t. E. is given by:
al. (2008) and Berntsen and Fuglestvedt (2008). The aircraft s
sector, a sector with comparable fuel consumption, was alsde = . Z Egix 1)
discussed in detail by Sausen et al. (2005). irk,m,s

In this study Sect. 2 describes the emission modelling ap- \yjith
proach and input parameters, while Sect. 3 present the mod-
elled fuel consumption and emissions. Section 4 is devoted to
the geographical distribution of the modelled emissions. TheE,;’, = cg"* o F/* = ¢ o b)y" o 1" ot @ piy (2)
model setup and methods for environmental impact studies
are explained briefly in Sect. 5. In Sect. 6 the impact from
the fleet (both port and sea operations) is discussed. The first
global impact study on inclusion of port emissions can be
found in Sect. 7. The results from the new approach quan-
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Table 1. Utilization of installed engine power for ships operating in different modes (% of Maximum Continuous Rating).

Main Ship type Ship type Load at sea Load in port
Main engines AUX Main engines AUX

Cargo & Passenger ships  Bulk Vessels (B) 70% 15% 0% 20%
Container Vessels (C) 70% 15% 0% 20%
Chemical Tankers (CT) 70% 15% 0% 40%
General Cargo (GC) 70% 15% 0% 20%
Liquefied Gas Tankers (LGT) 70% 15% 0% 40%
Other Service Vessels (OA) 50% 10% 0% 20%
Other Liquids (OL) 70% 15% 0% 40%
Oil Tankers (OT) 70% 15% 0% 40%
Passenger Vessels (P) 50% 20% 0% 20%
Reefers (R) 70% 15% 0% 20%
Ro Ro Cargo Vessels (RO) 70% 15% 0% 20%

Non-Cargo Ships Offshore Other Vessels (O@A) 50% 10% 0% 20%
Offshore Supply Vessels (OS¥) 50% 10% 0% 20%
TUG 50% 10% 0% 10%
Fishing Vessels (FV) 50% 10% 0% 20%

Lincludes manoeuvring mode
2 Includes the dynamic position mode.

Where

E}},  denotes the amount of pollutant emitted per
year of typeg for a ship of type of sizek
with engine types (Main engine=1
Auxiliary engine2), at modeam (At sea =1
In port=2), kg pollution.

cg’ denotes the fuel based emission
factor for pollutant typez in modem
for engine type, kg pollution/kg fuel.

F[y*  denotes the fuel consumption per year
of engine types at modem, of ship typei
of sizek, kg fuel.

by’ denotes the specific fuel consumption
for engine typerat modem, of ship type:
of sizek, kg fuel/kwWh.

'Y denotes the average engine
load for a engine of type at modemn, of ship
typei of sizek.

L denotes the average number of
operating hours for engine typeaduring
a year at mode: for vessel of type
and sizek, hours.

Pi denotes average installed engine power for

' engine typesof ship of typei and sizek, kW.
In the following, a detailed description of the factors in
Eq. (2) is given.

Atmos. Chem. Phys., 9, 2172494 2009

2.1 Fleetinstalled power

The actual installed engine powep;() for ships above or
equal to 100 GT in the year 2004 world fleet is taken from
Lloyds Register Fairplay (LRF) (2005) fleet database, count-
ing 91100 merchant ships. The database does not include
specific information for Main Engines (ME) for about 15 500
ships. For these ships, the installed ME-power is estimated
from the ship length by means of statistical relations. The
ship type dependent relations are based on data from the re-
maining 75600 vessels in the world fleet (LRF, 2005). The
correlation coefficient varied from 0.6 to 0.97 for the differ-
ent ship types. In all, the estimated ME power for the 15500
ships accounts for 14% of the estimated total ME power.

For auxiliary engines (AUX) the database does not include
specific information for about 41 500 ships. For these ships
the AUX power has been estimated using a ship type depen-
dent statistical relation between AUX and ME power, estab-
lished based on the remaining 49,600 vessels. The correla-
tion coefficient varied from 0.5 to 0.82 for the different ship
types. In all, the estimated AUX power for the 41500 ships
accounts for 25% of the estimated total AUX power. This in-
dicates that lack of data is most pronounced with small ves-
sels.

2.2 Engine load
The average engine load’(") varies depending on oper-
ational mode (Endresen et al., 2004; Cooper, 2003; EPA,

2000; Flodstbm, 1997) and the operational mode varies with
ship type. The greatest differences are between non-cargo

www.atmos-chem-phys.net/9/2171/2009/
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and cargo ships, although significant differences exist be2.4 specific fuel consumption and emission factors
tween ship types within these segments as well. For example,
offshore and service vessels often operate several days at sé®oper (2002) has made a detailed survey and evaluation
in the dynamic position mode only utilizing part of the avail- Of available emissions factors. He reported factors per ship
able power (Or engines) (Endresen etal., 2004) type and activity mode, which were further used by Whall
Table 1 shows the assumed engine load factor for the dif€t al. (2002) to calculate emissions in European waters. We
ferent modes and ship type and size categories. The engirféave mainly used the emission factar () and specific fuel
load for auxiliary engines in cargo ships operating on differ- consumption £;";*) reported by Cooper (2002) for “At sea
ent modes is based on Cooper (2003), Whall et al. (2002§and “In port” mode in our modelling. However, the 3O
and Flodstdm (1997), and the load set point used in the emissions factor is adjusted according to the fact that small
IMO technical NG Code (IMO, 1998). For tankers the ships are burning distillates with a typical sulphur content
extra energy required during unloading operations has beefif 0.5% (EMEP, 2002). We have assumed that all non cargo
taken into account. For main engines operating in differentvessels and all ships in the lowest size categor€900 GT)
modes the engine load is based on data reported by Fémdstr are using fuel with sulphur content of 0.5%. For the vessels
(1997), Corbett and Koehler (2004), Endresen et al. (2003pperating in the at sea mode emission of 7.6 kg particulate
and the load set point used in the IMO technical,NGbde =~ material (PM) per tonne fuel burned is assumed, in agree-
(IMO, 1998). For non-cargo vessels, the engine load sefnent with Whall et al. (2002). However, EMEP (2002) rec-
point is based on data provided by operators as reported hgmmend 1.2kg PM per tonne distillates burned, and we may
Endresen et al. (2004) and by Corbett and Koehler (2003)therefore overestimate the PM mass emitted. The black car-
The lower engine load for fishing vessels take into accountoon (BC) emission factor is assumed to be 0.16 g BC/kg fuel
the lower loads during fishing operations. The applied load(Sinha et al., 2003), while organic carbon (OC) emissions is
factors take into account periods with slow cruise, port ma-assumed to represent 8% of total PM emitted (Petzold et al.,
noeuvring and ballast cruise that reduce the average engin@003). In accordance with Petzold et al. (2007) it is assumed

load. that 40% of the PM mass is emitted as sulphate. The applied
specific fuel consumption and emission factors are presented
2.3 Operation profile in Table 2 and Table 3.

The average activity profile describes the tinf&;, for each

ship type and size category spent in each mode for enginé Modelled emission results

type s and is based on the average figures compiled from de- ) o
tailed information of individual ship movements of 32000 3-1 Fuel consumption and emission

ships of the world fleet (LMIU, 2004). Each movement The annual fuel consumptio[;*) is calculated separatel
record or port call includes information about time at sea and PHOAk P y

time in port for a given vessel. We have used 617 000 in-for the at sea mode (including manoeuvring) and in-port

dividual ship movement records from four months in 2003 mode _(e.g. Ioadmg_/unloadmg). T_h(_e resulting total fuel con
. .~ sumption for 2004 is about 217 million tonnes (Mt) of which
(January, April, July and October) to calculate average time . - .
) . . . 11 Mt represent the consumption during in-port operations.
at sea and in port for the 7 size categories for 15 ship types

= . S 0
Data filtration removes in the order of 26 000 records from Our model indicate thgt the n pprt consumption Is apout 5%
of the total consumption. This is supported by previous es-

the dataset. Furthermore, for approximately 60 000 record imates that reports in-port emissions to range between 2%

arrival and departure dates are equal, i.e. the port call lasts d 6% of the total emissions (Streets et al., 2000; Whall et

less than a day. For these reco rds an average port stay of OZ{, 2002; Corbett and Koehler, 2003). Detailed results of
days has been assumed. It is estimated that vessels are jn

. . the fuel calculations are presented in Table 4. The bulk car-
service about 50 weeks per year on average, either at sea Qr ; : . X
; - L : riers, container vessels and oil tankers dominate the inven-
in port. The remaining 2 weeks are time in off-hire (due to : .
: . : tory, accounting for 49% of the total fuel consumption in the

e.g. surveys, repairs), where the vessels are laying still, gen; :

. e L . leet. Note that although half the fleet are non-cargo ships by
erating no emissions. Publication restrictions attached to the

i I 0,
data prohibits full disclosure of the results. In summary, thenumber, th|s segment only contribute 15% of total fleet fuel
. consumption.
results show that the number of days at sea varies betweeh . . .
Detailed calculations of the exhaust gas emissions

136 days for small bulk vessels to 280 days for large Lique-

fied Gas Tankers. Ships of the same type show a variation a(sEm’Sg'l’k) for vessels at sea and in port mode are presented

i . -In Table 5 and Table 6, respectively. The major part of the
large as 120 days between size categories. For cargo ships o s
o . o alr emissions (95%) are related to vessels operating in the at
of similar size, the variation is as large as 114 days between 4 . )
; . L ) .. _sea mode. The main contributors, accounting for about half
ship types. Non-cargo ships of similar size have a variation U ! ;
. of the emissions are the bulk carriers, container vessels and

up to 98 days between ship types.

oil tankers.
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Table 2. Specific fuel consumption and emission factors. For vessels at sea.

Vessel type  Fuel g/ kWh Exhaust gas emissions in kg/tonne fuel
NOy SO,* CO, PM NMVOC CH; N,O CO BC OC

B 196 92 54 3179 76 24 0.05 0.08 74 0.18 0.608
C 199 89 54 3179 76 24 0.05 008 74 0.18 0.608
CT 203 83 54 3179 76 24 0.05 0.08 7.4 0.18 0.608
GC 203 81 54 3179 76 24 0.05 0.08 74 0.18 0.608
LGT 258 41 49 3179 76 24 0.05 0.08 74 0.18 0.608
OA 222 59 10 3179 76 24 0.05 0.08 74 0.18 0.608
oL 202 83 54 3179 76 24 0.05 0.08 74 0.18 0.608
oT 217 75 54 3179 76 24 0.05 0.08 74 0.18 0.608
P 219 62 54 3179 76 24 0.05 0.08 74 0.18 0.608
R 198 88 54 3179 76 24 0.05 0.08 74 0.18 0.608
RO 207 76 54 3179 76 24 0.05 0.08 74 0.18 0.608
OOA 215 63 10 3179 7.6 24 0.05 0.08 7.4 0.18 0.608
osv 212 66 10 3179 76 24 0.05 0.08 74 0.18 0.608
TUG 212 65 10 3179 76 24 0.05 0.08 7.4 0.18 0.608
Fv 215 65 10 3179 76 24 0.05 0.08 7.4 0.18 0.608

NMVOC (Non Methane Volatile Organic Compounds) can be considered as HC minyso€xOC minus CH (Cooper, 2002)

10 kg/tonne fuel applies for vessetd 000 GT

B: Bulk Ship, C: Container Ship, CT: Chemical Tanker, FV: Fishing vessels, GC: General Cargo, LGT: Liquefied Gas Tanker, OA: Other
activities, OL: Other Liquids, OOA: Offshore Other Activities, OSV: Offshore Supply Vessel, OT: Oil Tanker, P: Passenger Vessel , R:
Reefers, RO: Ro-Ro Cargo, TUG: tugs.

Table 3. Specific fuel consumption and emission factors. For vessels in-port.

Vessel type  Fuel g/kWh Exhaust gas emissions in kg/tonne fuel
NOx SO;* CO, PM  NMVOC CHy NO CO BC OC

B 222 62 54 3179 68 24 0.05 008 74 018 0.54
C 223 62 54 3179 6.7 24 0.05 0.08 74 0.18 0.54
CT 223 60 54 3179 9.7 24 0.05 0.08 74 0.18 0.78
GC 225 59 54 3179 65 24 0.05 008 74 018 0.52
LGT 278 33 49 3179 78 24 0.05 0.08 74 018 0.62
OA 238 48 10 3179 7.2 24 0.05 008 74 018 0.58
oL 222 60 54 3179 100 24 0.05 008 74 018 0.8
oT 237 55 54 3179 96 24 0.05 0.08 74 0.18 0.77
P 236 50 54 3179 7.7 24 0.05 0.08 74 0.18 0.62
R 225 60 54 3179 55 24 0.05 008 74 018 0.44
RO 227 58 54 3179 63 24 0.05 0.08 74 018 0.5
OOA 232 52 10 3179 69 24 0.05 0.08 74 018 0.55
osv 231 52 10 3179 75 24 0.05 0.08 74 018 0.6
TUG 231 51 10 3179 7.7 24 0.05 0.08 74 0.18 0.62
FV 227 59 10 3179 36 24 0.05 008 74 018 0.29

* 10 kg/tonne fuel applies for vessetsl000 GT

The fuel consumption and emission figures in this studythe world fleet increased by about 19% (LRF, 2008). The in-
are valid for the 2004 fleet. However, the maritime industry creased engine power for the fleet, as well as the increase in
is currently experiencing a period with rapid growth in global trade over the last few years indicate that the year 2004 in-
demand for transport, with corresponding increase in shipventory should be increased with some 19% to about 258 Mt
fuel consumption and emissions. From 2004 to 2007 growthfor an estimate of the 2007 fuel consumption. A correspond-
in total seaborne trade in ton miles have been 19% (Fearning increase in emission is also expected.
leys, 2008). In the same period, the total installed power in
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Table 4. Modelled fuel consumption (Kt) for different ship types and modes, 2004.

Ship type No. of vessels  Total fuel consumption  Fuel consumption per mode
% Kt At sea (Kt) In port (Kt)
Cargo and Passenger ships B 6684 13.9 30186 28874 1312
C 3237 21.7 47083 45711 1371
CT 3121 4.0 8670 7726 944
GC 16729 8.9 19319 18044 1275
LGT 1190 45 9701 9052 649
OA 4356 2.8 5982 5630 352
oL 246 0.1 201 171 31
oT 6873 13.7 29603 27362 2241
P 7609 8.9 19250 18496 754
R 1239 21 4583 4315 269
RO 1504 47 10214 9829 385
Non-Cargo Ships OO0A 1371 1.1 2306 2101 206
osv 3564 2.7 5889 5436 452
TUG 10202 4.8 10358 10269 89
FV 23194 6.1 13215 12671 544
TOTAL - 91119 100.0 216560 205 686 10874

3.2 Comparison with other studies 3.3 Uncertainty

Endresen et al. (2003, 2007) modelled a fuel consumptiorg.3.1 Model
for the year 2000 slightly above 200 Mt fuel (including non-
cargo and AUX consumption). Considering the fleet growth, The modelling approach used in this study is similar in many
and assumed corresponding consumption growth up to 2004yays to previous activity based models. Therefore, many
our estimates are somewhat lower than Endresen et al. (2003f the identified uncertainties in studies such as Corbett and
2007). Also, our results are well below the 271 Mt and Koehler (2003) and Endresen et al. (2003, 2007) are valid
248 Mt reported for 2001 by Eyring et al. (2005) and Corbett also for this study, such as the lack of modelling of second or-
and Koehler (2003) respectively (after subtracting emissionsier effects among the parameters in equation 2. However, the
from military vessels). An IMO working group has recently fleet breakdown structure used in this study is far more de-
reported a fuel consumption estimate of 369 Mt for 2007 tailed than previous models, reported by Eyring et al. (2005)
(IMO, 2007). Furthermore, for 2004 EIA (2007) reports Corbett and Koehler (2003) and Endresen et al. (2003, 2007).
marine fuel sales of 226 Mt (we have converted from daily This allows for improved results, provided sufficiently accu-
consumption in barrels to annual consumption in tonnes)yate input data.
and IEA (2007) reports a fuel consumption of 206 Mt by the
world fleet. It is evident that the results of this study are in3.3.2 Data
closer agreement with the sales figures than with the results
of the IMO working group. However, while the activity mod- The estimates of uncertainty in the applied data in this study
els exclude ships below 100 GT, the fuels statistics makess mostly based on the uncertainty range reported by En-
no such cut-off. Thus, fuel sales statistics should be somedresen et al. (2003, 2007), Eyring et al. (2005) and Corbett
what higher than the activity model results, in contrast to theand Koehler (2003, 2004) due to the many similarities. En-
present situation. dresen et al. (2003) estimates 16% uncertainty in the fuel
The deviations between the modelled estimates are likelyconsumption estimates. This is in the range of the uncertainty
due to different input data and assumptions (e.g. days at se@ported for Eyring et al. (2005) and Corbett and Koehler
and average engine load), which is at the core of the ongo¢2003, 2004). While all the factors in Eqg. (2) contain uncer-
ing debate regarding the actual activity level for medium andtainties, focus in this section is on identifying achieved im-
small ships. It is worth noting that, considering the differ- provements with reference to the previous model estimates.
ence in reference year the estimates of Endresen et al. (2003, Corbett and Koehler (2003) identifies engine load factors
2007) Eyring et al. (2005) and Corbett and Koehler (2003)and days at sea as the most sensitive input parameters to ac-
are in reasonable agreement if one allows for an uncertaintyivity based fleet modelling. Admittedly, the current study
bound in the order of 15%. presents no fundamental improvement on the load factor
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250 tainty, ranging up to 34%. While no fundamental improve-
ment has been achieved with regard to emission factors, the
200 77 — improved certainty in fuel consumption is transferred directly

to the emission estimates.

In total it is believed that an improvement on fuel and
emission estimates has been achieved, with an uncertainty as
good as or better than Endresen et al. (2003, 2007), Eyring et
al. (2005) and Corbett and Koehler (2003).

o
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Days at sea

o
=1
4

50 —| -

4 Geographical distribution of emissions

Dry Cargo I Offshore IPass,iFeny ‘MISCQ"QI‘IEOI.IS-I Tanker ‘ Roro
4.1 At-sea emissions

Fig. 2. Calculated yearly days at sea, based on AIS data for 500
small and medium sized ships (above 300 GT) tracked in Norwe-The modelled atmospheric emissions have been distributed
gian waters, first six moths of 2007 (data from: The Norwegian geographically based on the ship reporting frequency and the
Coastal Administration). Note that Offshore ships have low activ- method reported by Endresen et al. (2003). In this study
ity, as dynamic position operations are not included. we use COADS traffic densities for 2000 (COADS, 2005)
and the AMVER densities for 2001/2002 (AMVER, 2005).
COADS from the National Centre for Atmospheric Research
data. However, with respect to the number of days at seagNCAR) and the National Oceanic and Atmosphere Admin-
new data are presented compared to Endresen et al. (200@ration (NOAA), is the most extensive collection of surface
2007), Eyring et al. (2005) and Corbett and Koehler (2003),marine data available. The global data set has been used by
which are believed to improve the accuracy of the estimatesseveral studies to illustrate global traffic and emissions dis-
The level of detail in the applied fleet database is compatributions (Corbett et al., 1999; Endresen et al., 2003), and
rable to that of Eyring et al. (2005) and Corbett and Koehlerrecently Wang et al. (2007) demonstrated a method to im-
(2003), and should not result in significant deviations. How- prove global-proxy representativity. In this study, we have
ever, as described in Sect. 2.1, some 14% of ME and 25%sed the COADS standard version for 2000 statistically sum-
of AUX fleet power are estimates (using regression), whilemarised on a monthly basis with 411° spatial resolution.
Eyring et al. (2005) and Corbett and Koehler (2003) do notCOADS include mainly cargo ships, but also some non-cargo
report missing engine data in the applied fleet database.  vessel (Endresen et al., 2003). We assume that this data set
The modelling of AUX engine power will likely result represents merchant ships operating internationally and re-
in an over-estimation of the AUX fuel consumption since gionally. In 2000, a total of 997 000 marine reports were
the data contains vessels having diesel electric drive with naegistered.
AUX engines. Itis found that the diesel electric drive repre- The AMVER system is used to track merchant vessels at
sents approximately 3.4% of the installed main engine poweiea. These ships submit information including position to
in 2008. The percentage of AUX power in relation to total the AMVER database. Participation in AMVER is generally
installed power varies, but lies for the cargo and passengelimited to merchant ships of all flags above 1000 GT, on a
vessels between 20% and 30%. This indicates that the ovekoyage of 24 h or longer. The advantage with the AMVER
estimation of AUX fuel consumption in the fleet can be in data set over COADS is that ship type and size can be iden-
the order of +0.7% to +1.0% of total fleet consumption. tified. The AMVER system is used to track about 30%
Although the applied operating profiles are a significantby number of the world cargo and passenger fleet greater
improvement compared to previously used data, uncertainthan 2000 Dwt (more than 7300 vessels) that daily report to
ties still remain on this issue. This is illustrated by AIS data AMVER during voyage (Endresen et al., 2004). The global
from Norwegian waters which shows significant variations data set has been used in previous studies to illustrate global
between ship types with regard to operating profiles (Fig. 2).traffic distributions, ship emissions and impacts (Endresen
These observations indicate that the average engine utilisaet al., 2003; Eyring et al., 2005; Beirle et al., 2004). How-
tion factors used in this study (Table 1) may be too high, atever, in the Endresen et al. (2003) study, the AMVER data set
least for smaller vessels. Itis, however, important to note thedid not cover a full calendar year. We have now generated a
validity of the Norwegian AIS data is limited to vessels in data set starting August 2001 and ending August 2002, cov-
coastal traffic, mainly smaller ships. ering one complete year of unpublished data. The applied
Endresen et al. (2003) also discuss uncertainty in the apAMVER data (with a 2x1° spatial resolution) includes a
plied emission factors. When this is included an uncertaintytotal of 993 000 marine reports.
lower than 20% is reported for GOSOG, and NQ, emis- In this study we have merged COADS and AMVER data
sions, while the other compounds have higher level of uncersets of total 1990000 ship observations day by day, and
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Fig. 3. Geographical distribution of at sea emissions, based on the merged AMVER and COADS data set.

Fig. 4. Vessel traffic densities (relative number of observations per grid cell) for year 2001/2002 based on the AMVER (2005) data. Upper
left: All cargo and passenger ships in the AMVER merchant fleet, upper right: Oil tankers, lower left: Bulk carriers, lower right: Container
vessels.

produced annual and monthly data sets. These new data sdtte 5 and 6). The resulting distributions are shown in Fig. 4.
are represented in & £ 1° spatial resolution. Figure 3illus- The main characteristics of the three ship type specific trades
trates the merged data set. The emissions generated by tlae evident in the Figure. The major bulk cargoes (wet and
fleet at sea (Table 5) are distributed on the1° grid cells  dry) are mainly transported in large vessels within a fairly
according to the relative number of ship observations in eaclwell defined system of international sea routes. The major
cell. bulk cargoes are fuel, raw materials for industry, and food.
Using the AMVER dataset, we have also produced shipBy commodity, crude oil represents the biggest share (29%
type specific geographical emissions distributions for theof total world trade), followed by iron ore (15%), coal (11%),
three major ship types contributing roughly 50% of the emis-oil products (8%) and grain (6%) (Fearnleys, 2008). Asia,
sions; bulk carriers, tank vessels and container ships (see T&dorth America and Europe are the main import regions of
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Table 5. Modelled exhaust gas emissions at sea for different ship types, 2004 (Kt).

Ship type Exhaust gas emissions in Kt

NOx SO, CO, PM NMVOC CH; N,O CO BC ocC

Cargo & Passenger ships B 2656 1549 91791 219 69 1.4 2.3 214 5.2 17.6
Cc 4068 2468 145317 347 110 23 3.7 338 82 27.8
CT 641 394 24560 59 19 0.4 06 57 14 47
GC 1462 876 57362 137 43 0.9 14 134 3.2 11.0
LGT 371 435 28776 69 22 0.5 0.7 67 16 55
OA 332 56 17896 43 14 0.3 05 42 1.0 34
oL 14 7 543 1.3 0.4 0.01 001 13 0.03 0.1
oT 2052 1425 86983 208 66 14 22 202 49 16.6
P 1147 808 58799 141 44 0.9 15 137 3.3 11.2
R 380 229 13716 33 10 0.2 03 32 08 26
RO 747 528 31247 75 24 0.5 08 73 1.8 6.0

Non-Cargo Ships OOA 132 21 6678 16 5 0.1 0.2 16 0.4 1.3
oSV 359 54 17282 41 13 0.3 04 40 10 33
TUG 667 103 32644 78 25 0.5 08 76 18 6.2
FV 824 127 40281 96 30 0.6 1.0 94 23 1.7

TOTAL - 15853 9081 653875 1563 494 10 16 1522 37 125

Table 6. Exhaust gas emissions in port for different ship types, 2004 (Kt).

Ship type Exhaust gas emissions in Kt
NOx SO, CO, PM NMVOC CHs N,O CO BC OC

Cargo & Passenger ships B 81 71 4169 8.9 3.1 0.07 0.11 9.7 0.2 0.7
C 85 74 4359 9.2 3.3 0.07 0.11 101 0.2 0.7
CT 57 51 3001 92 23 005 008 70 02 07
GC 75 67 4053 83 31 006 010 94 02 07
LGT 21 30 2064 51 1.6 0.03 0.05 4.8 0.1 0.4
OA 17 4 1120 25 08 002 003 26 01 0.2
oL 2 1 98 03 01 0.002 0.002 0.2 001 0.03
oT 123 119 7126 215 54 0.11 0.18 16.6 04 1.7
P 38 39 2397 58 1.8 004 006 56 01 05
R 16 14 854 15 0.6 001 002 20 005 0.1
RO 22 21 1224 2.4 0.9 0.02 0.03 2.8 0.1 0.2

Non-Cargo Ships O0A 11 2 654 1.4 0.5 0.01 0.02 15 0.04 0.1
osv 24 5 1438 34 1.1 0.02 0.04 3.3 0.1 0.3
TUG 5 1 284 0.7 0.2 0.00 0.01 0.7 0.02 0.1
FV 32 5 1729 20 13 003 004 40 01 0.2

TOTAL - 609 503 34569 82 26 0.5 0.9 80 20 6.6

crude oil (by crude oil carriers). The main exporting re- 4.2 Port emissions
gions are the Middle East and Africa. The pattern is different

for' bulk vessels Whefe the most importapt import areas A" he data from LMIU (2004) described in Sect. 2.3 are used
Asia and Europe_ while the exporting regions are Aus_tra_hato find a geographical distribution for emissions in port (Ta-
f'md SO.Uth America (Fearnleys,_ 2008). C(_)ntalner shl_ppm le 6). The number of days in each port is calculated based
IS dom!nated_by trades connecting the major economic an on summarising the time in port for each ship call. The
industrial regions of the world, namely the US, Europe andtime in port for each call is estimated from “Sail date” mi-
South East Asia. nus “Arrival date”. Unlike for the determination of opera-
tional profiles in Sect. 3.3, no adjustment for records having
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Fig. 5. Geographical distribution of port time (percentage of time in each port relative to total port time), based on the Lloyds’ movement
data basel(MIU, 2004).

Table 7. Estimated time in port and number of calls per continent dicates that building emiss.ion inventorie; for ports usjng t'he
(%) (LMIU, 2004). number of port calls may introduce a bias, underestimating
the emissions in large ports, which typically serve very large
ships. We claim that our approach, basing the inventories
on time in port, increases the accuracy and better reflects the

Continent  Time in port (%) Port calls (%)

Africa 9.5 6.7 individual port profiles.

America 151 15.0

Asia 42.2 37.1 4.3 Uncertainty

Europe 30.5 38.7

Australia 2.7 2.5 Corbett et al. (1999) illustrated seasonal variations in a

COADS data set from 1996. The ship traffic depends on

demand for energy, raw material, food etc. This of course

gives large variations in the traffic and emissions both on re-
equal “Sail date” and "Arrival date” is made here. Figure 5 gional and seasonal scale. Our result illustrates significant
illustrates the global relative distribution of time in port. The variations between months, and also between the two data
emissions generated by ships in port, as found in Table 6, argources (Fig. 6). We find that COADS have highest activity
distributed according to this relative distribution. The frac- for the coldest months, typically covering the fishing season
tion of time in a port is calculated using estimated time in (Northern Hemisphere). This may be explained with the fact
the port divided by total time in port for all ports. The Asian that COADS include many fishing vessels (Endresen et al.,
ports are dominating, representing 42% of the total (Table 7)2003). The AMVER distribution is opposite, compared to
The corresponding number for Europe is 31%. COADS. This is explained with increased transportation of

Table 7 shows that there are some discrepancies betweamergy related products (e.qg. oil, gas) during autumn for use

the number of calls and the time in port. For Europe, itis ev-in the winter season. Also important is seasonal variation in
ident that the relative share of time in port is lower than thetransportation of vegetables, food products and increased de-
share of port calls, indicating that the average length of a Eumand before major holidays (e.g. Christmas). Note that some
ropean port call is shorter than world average. For Asia theof the variation is caused by different number of days within
trend is the opposite, with the relative time in port higher thana month (e.g. February). The comparison of monthly ac-
the relative number of port calls, suggesting that the length ofivity includes some uncertainty, as different reference years
an average Asian port call is longer than world average. There applied (COADS year 2000, AMVER year 2001/2002).
reasons for such differences are likely related to the typicaHowever variation in traffic between different months seems
ship sizes calling at the ports as well as the nature of the typto be as much as 10%, with largest shipping activities in Oc-
ical cargo (e.g. containerized or dry bulk) and the associatedober (Fig. 6). This may be important for impact modelling.
differences in cargo handling time. The results in Table 7 in-
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9 A SRCOADS and compared to observations in previous ship impact studies
38 m COADS (Endresen et al., 2003; Dalsgren et al., 2007). In these stud-
16 OAWR Il ies the calculated impacts of ship emissions were also com-

H pared to other model studies and likely causes for similarities

i and differences were discussed. Overall the model was able
i to reasonably reproduce available observations in areas af-
fected by ship emissions. But more measurement data are
needed to be fully conclusive. This is in particular the case

for plume processes and the question referred to in the intro-
duction whether models are able to realistically resolve the

outcome of plume processes.

3.4 4
3.2 4

7.8 1
7.6 1
7.4 1

% of total observations

7.2 4

M onth

. ) . o 6 Environmental impact from the whole fleet
Fig. 6. Ship traffic observation in each month (month 1=Jan-

uary) as percentage of total yearly observations, based on AMVER;q e 7 shows the relative average yearly contribution from
(year 2001/2002) and COADS (year 2000) and AMVER & COADS the whole fleet above 100 GT to the concentration of some
(merged). Note that the y-axis is truncated. .
primary pollutants. The effect of both sea and port oper-
ations are accounted for. The contribution to short-lived

It is important to recognize that the significant growth in components like Spyand NG are confined to oceanic and

container trade in recent years, as well as the general increagé)_aStaI areas. In the V'C'”'W of the major shipping lanes the
in ship activity in Asian waters, is changing the geograph-Sh'p emissions are the dominant contributor to the modelled
ical distribution of ship traffic. To illustrate, the Chinese Surface levels with contribution amounting to 20-70% for

ports (including Taiwan Province of China and Hong Kong, S©2 and 40-90% for N@ The contribution is also signifi-
China) accounted for 102.1 million TEUs in 2005, represent-Cant ar)d typically 10_,50% on cogstal fnms, especially on the
ing some 26.6% of world container port throughput. In 2006WeSt side of the cont|r_1ent_s at high latitudes (North Ame_r-
throughput had increased to 118.6 million TEUs, a rise of\c& Greenland, Scandinavia). A few hundred kilometres in-
16% over 2005 (UNCTAD, 2007). In addition, from 2000 land from the coasts the shipping contribution to,S{hd

to 2004 the sales of marine bunker in Asia (and Oceania) inNO2 level off rapidly due to chemical transformation to sec-

creased by 45% (EIA, 2007). These rapid changes indicaté’r,‘dary cor_npo_nents and faster ero§ition over land. The rel-
that the present (2008) distribution of shipping traffic may ative contribution over land regions is also _to some degree
have changed significantly from the distributions used in thedependent on the heterogeneity of land emission sources as

current study, both for the traffic distributions and for port rélative numbers are shown in Fig. 7. The ship impacts on
time distributions. Clearly, the last years increase in ship-carbonaceous aerosols are included in Fig. 7. As noted in
Sect. 2.4, the emissions of these components are the most

ping in general, and particular in Asian waters need to be , , e
taken into account in upcoming studies. uncertain ones and the CTM calcula'tlor.ls use a simplified
scheme for carbonaceous aerosol distributions. However,
the calculations should give some idea of the contribution.
5 Modelling of environmental impacts The contribution is quite large over remote oceans where the
amounts of carbonaceous particles from non-ship sources are
In order to quantify the environmental impact of the updatedsmall. In a few coastal areas the contribution (5-20%) could
and new emission inventories a set of model simulations werde of some importance for particle pollution.
performed with the OsloCTM2 model. The setup is very sim-  Ozone is formed in the effluents of the ship stacks and has
ilar to Dalsgren et al. (2007), the model runs were done inan important role as a source of hydroxyl radicals the major
T63 resolution (1.8x 1.8) with 19 vertical layers using me- cleansing agent in the troposphere. As mentioned in the in-
teorological data for 1996. Regional impacts could be depentroduction, ozone is also a surface pollutant and an important
dent on the particular year used for transport data. Decisivgreenhouse gas. The highest perturbations of surface ozone
patterns like NAO and ENSO were not in very strong nega-attributed to ship emissions are found in July. At this time of
tive or positive phases in 1996 and though there were soméhe year the photochemistry is active at mid latitudes in the
anomalies (WMO, 1997) the year was not deviating stronglyNorthern Hemisphere where most ship emissions occur. In
from a normal or average year. To quantify the impact of accordance with theory on the nonlinearity of ozone produc-
ship types, port emissions and the overall impact from thetion (Isaksen etal., 1978; Liu etal., 1987; Lin et al., 1988) the
fleet the analysis compare model runs where each of theskrgest ozone increases are found in the regions of the Oceans
emissions sources are excluded from the runs to a simulatiowhere the background pollution levels are low. In coastal
where all inventories are included. The model was describedones where onshore winds dominate the contribution is also
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Fig. 7. Yearly average contribution (%) from all ships+ports to N@pper left) SQ (upper right), hydrophobic organic carbon (lower left)
and hydrophilic organic carbon (lower right).

significant, especially Western North America (15—-25%) andScandinavia. For South-Western Europe and North-Western
Western Europe (5-15%). As ozone changes in the uppeffrica the contribution is 25—-35%. The sulphur deposition is
troposphere are more important with regard to climate forc-also high in the same regions contributing 15-25% and 15—
ing (Hansen et al., 1997) the contribution to yearly average20% respectively. On a global basis we calculate that ship
tropospheric column (Fig. 8) is more relevant than surfaceemissions contribute 11% to nitrate wet deposition and 4.5%
plots. At low southern latitudes, the contribution is approx- to sulphur wet deposition.

imately 5% and stronger than at tropical southern latitudes. The international fleet increases the global yearly averaged
The main reason is not the pattern of ship traffic (Fig. 3) buttropospheric OH levels with 3.67% (Fig. 9). High N@mis-

that there are less other sources contributing at high southersions, in particular over unpolluted regions, together with
latitudes. The ship signal at high southern latitudes shows &ow CO and VOC emissions lead to efficient OH formation.
profound seasonality as most of the traffic takes place durAs quite an amount of the emissions and OH increase take
ing summer. Due to the longer chemical lifetime of ozone in place over the oceans at low latitudes where the temperatures
the upper troposphere as well as stronger winds the columare high there is a significant impact on the global methane
perturbation is much more widespread than the surface petifetime. The global methane lifetime decreases by 5.35%
turbation. In the Northern Hemisphere ships contribute up(Fig. 9) or 7.5% if we take into account a feedback factor of
to 4-6.5% to the modelled column ozone over an extensivel .4 of methane on its own lifetime (Prather et al., 2001).
area. Due to the large sulphur and nitrogen emissions from

ships, and successive formation of sulphuric acid and nitric

acid which have lifetimes of a few days, acidification over 7 Environmental impact of port emissions

land and coastal regions may occur. In Fig. 8 it is shown that

ships alone could contribute as much as 25-50% to the wethe geographical distribution of time in port is shown in
depOSition of nitrate over North-Western North America and F|g 5 and the emissions are listed in Table 7. The year|y
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Fig. 8. July average contribution (%) from all ships+ports to surface ozone (upper left). Yearly average contribution from all ships+ports to
tropospheric ozone column (upper right), wet deposition nitrate (lower left) and wet deposition sulphur (lower right).

‘ bations due to harbour emissions are small due to non-linear

35

3 NOy chemistry. The relative impacts from some of the ma-

, jor ports in China, Channel area and eastern US are quite
N small. The contribution to N® concentration from some

1

‘ h ﬁ* intermediate sized ports situated in regions with quite low

background pollution is significant and exceeds 10% at some
EE— places (Fig. 10). For most ports the contribution to NO

2 is in the range 0.5-5%. The pattern for S quite simi-

“ lar, but except for high latitudes the relative contribution is
> mostly slightly higher than for N@ Especially in equatorial

regions the port emissions contributes to the near surface sul-
- phur loading. In the world’s most visited port, Singapore, the
contribution from ship emissions to $@ larger than 15%.
Fig. 9. Changes in OH (%) and methane lifetime (%) compared to Dye to the quite coarse resolution of the global model grid, it
simulations where the noted ship-types are excluded. is possible that the impacts are averaged out over a too large
area. This might for instance be the case for Scandinavia
where there is a significant regional impact. However, Scan-
average contributions from port emissions for the primarydinavia is situated close to big ports in the Channel, the North
components N@and SQ are shown in Fig. 10. The pattern Sea and the Baltic Sea and therefore likely to be impacted
resembles the distribution for the emissions (Fig. 5) thoughby both these and intra-regional emissions (Saxe and Larsen,
there are some differences as the relative strength of the im2004; Isakson et al., 2000). For other components the con-
pact is dependent on other sources in the nearby regions. Itribution from port emissions are generally less than 1.5%.
regions with high pollution from other sources N@ertur-  An exception is the sulphate levels close to Singapore where
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also be found in the impacts (Figs. 11-14). Compared to the
two other major ship types, bulk ships show larger impacts in
Oceania which is one of the main export regions. The con-
tainer ships have large impact over the northern mid-latitude
Oceans where the trades between the major economic re-
gions of the world take place. The tank vessels are charac-
terized by having their largest impact at low latitudes. Com-
pared to other ship sectors their contribution is strong near
the export regions the Gulf of Mexico and the Middle East
propagating along the ship-lines of the Indian Ocean towards
East Asia.

For surface ozone in July (Fig. 11) the contribution of
bulk ships is less than 5% everywhere. With regard to pol-
lution levels over populated areas the contribution is only
a few percent over most coastal regions. The contribution
of the container traffic is large over the Atlantic and Pacific
Oceans. The contribution is highest over the remote parts of
these oceans where NQ@evels are low and ozone produc-
tion therefore most sensitive to perturbations. Large impact
is found over the Pacific Ocean on the trades between North
America and Asia. As discussed in Sect. 4.3, the world con-
tainer trade is increasing rapidly, especially in Asia. Even
from our basis year (2004) until now, increased trade could
have increased the impacts from the container trade utterly.
Though the contribution from the container traffic decreases
rapidly inland from the coast, the container ships seems
to have a significant impact on the surface ozone levels in
coastal zones of Western North America (Fig. 11). The con-
tribution from the tanker traffic is not large but up to 3-5%
over coastal waters of the Arabian Sea and Gulf of Mexico
N —— and consolidates the quite high surface ozone found in these
- e za 23 88 a1 47 a3 B9 &8 o _ regions. The container traffic has the largest total emissions

and has the largest impact. This is especially the case for
Fig. 10. Yearly average contribution (%) from ship emissions in yearly averaged column ozone (Fig. 12). In the Northern
ports to NG (upper) and S@(lower) at the surface. Hemisphere, the container ship emissions seem to contribute

to betweent/4 to 1/3 of the ozone column perturbations due

to ship emissions (comparison Figs. 8 and 12). The bulk car-
the port operations contribute a few percent to wet depositiortiers have the largest contribution of the three ship types at
of sulphate. The impact of port emissions on global yearlyhigh southern latitudes. The contribution is mainly high dur-
averaged OH and methane lifetime is small (Fig. 9). This ising the Southern Hemisphere summer when there is traffic
mainly due to the small emissions but also likely due to theto and from Antarctica. The tanker traffic shows enhanced
presence of pollution around population centres making NO ozone column perturbations near equator, the extent is lim-
perturbations less efficient in affecting OH (Fig. 19). ited by efficient removal of ozone precursors in the inter-

tropical convergence zone.

Wet deposition of acidic components is most critical over

8 Environmental impact from major ship types land, estuaries and coastal zones where they may cause acid-

ification in regions with low buffering capacity. Bulk ships
In this section we discuss the impacts of the three major shifcontribute up to 3—7% to wet deposition of nitrate (Fig. 13)
types; Bulk carriers, tank vessels and container ships. Thesen the west coast of America, and also parts of the east-
ship types constitute approximately 50% of the emissionsern coast of the continent. The contribution is similar over
Due to their large contribution it is of interest to quantify coastal zones of Europe, Africa and Australia and small re-
their impact. With regard to policy issues it is also of in- gions of Asia. The contribution from oil tankers (Fig. 13)
terest to see how their different geographical operation prois about similar in the mentioned regions. This is also the
files (Fig. 4) impact particular regions or vulnerable areas.case for container ships (Fig. 13), though this traffic has a
The traffic pattern (discussed Sect. 4.1) can to a large degremuch larger impact over Western North America and South
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5 0.9

_ o Fig. 12. Yearly average contribution (%) to tropospheric column
Fig. 11. July average contribution (%) to surface ozone from bulk ozone from bulk ships (upper), container ships (middle) and oil
ships (upper), container ships (middle) and oil tankers (bottom).  tankers (bottom).
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Fig. 13. Yearly average contribution (%) to wet deposition of nitrate Fig- 14. Yearly average contribution (%) to wet deposition of

from bulk ships (upper), container ships (middle) and oil tankersSulphur from bulk ships (upper), container ships (middle) and oil
(bottom). tankers (bottom).
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Western Europe/north western tip of Africa. Over South over Scandinavia, North Western America, Western Europe,
Western Europe/north western tip of Africa the contribu- North Western Africa and Malaysia/Indonesia (Fig. 8). For
tion reaches 5-10% whereas for the coast of Western Nortiwestern North America, South Western Europe and Western
America it could be as high as 10-20%. The impact of sul-Africa container traffic contributes the most per unit sulphur
phur wet deposition (Fig. 14) follows a very similar geo- and nitrogen emitted (Figs. 17 and 18). But bulk ships and
graphical pattern to that described above for nitrate wet detank vessels are clearly also of some importance. Tank ves-
position. However, the maximum relative contributions are sels are the dominant contributors to acidification over In-
lower for sulphur than nitrate. donesia and Malaysia. For Scandinavia and North Western
Figure 9 shows the changes in OH and methane life-Europe where contribution to acidification and ozone from
time due to the inclusions of the different ship types com-ships also is significant (Fig. 8) the three major ship types
pared to runs where emissions from these types are excludedhow weak impact signals. We therefore conclude that in
The container ships, which have the largest emissions (Tathis region the effects are dominated by other and somewhat
ble 5), also result in the largest changes of these componentsmaller ship types that also tend to operate closer to the coast.
Global yearly averaged OH increases by 0.75% and methanEor OH and methane lifetime changes, bulk ships lead to
lifetime is reduced by 1.12%. The tanker traffic, which has athe largest changes per amount of nitrogen emitted (Fig. 19).
quite strong signal in the tropics (discussed for ozone aboveThis is probably due to the traffic pattern, bulk ships operate
has a slightly more efficient methane lifetime change if onemore in low polluted regions (Southern Hemisphere) where
weight it by the global OH change. This could be expectedOH formation shows stronger response to\f@rturbations.
as the loss rate of methane with OH is favoured at high tem-

peratures. .
The impacts of each ship type are not necessarily propor® ~€onclusion

tional to the amounts emitted. The severity of the |mpacts_|_he recent public focus on anthropogenic emissions and cli-

depend on factors such as geographical and seasonal traffic .
U . mate change has lead to an unprecedented level of commit-
distribution, distance from coast or populated areas, vulner-

- o . : ment to reduce emissions by industry actors and policy mak-
ability of ecosystems in impact regions, meteorological fac- ST . : ; L

4 . ers. The shipping industry is no exception. Reliable emission

tors, and nonlinear chemistry related to background p0||u'inventories are a fundamental input to evaluating the impact
tion levels. With regard to regulations it could therefore be P 9 P

. . . . . of emission on the environment and human health and to
of interest to study the impact of ship types per unit emis-_ . . . N
. ) uide the industry and the policy makers on mitigation op-
sions. If one for instance wants to take a global measure t :

e ) o ons. However, the actual levels of emissions and impacts
reduce acidification it could be that reducing the emission : ) ; : T

. : .~ “from ocean-going ships are subject to an ongoing scientific
for one ship type a certain amount would be more efficient

than reducing equivalently for another. We therefore divideddebate' The need for better operational data as input to fleet

the impacts discussed in the previous section with the tota[mde"Ing has been stressed by several studiasstudy

global emissions for each of the three ship types. We as_shows that available operational data indicate a strong de-

sumed that the ozone production due to ship emissions ig\?g?aenecﬁl?;sgpoiyﬁae 223 :Z:ézrcizggﬁtl\;lgrﬁrggl(;afj’avvlstrf]or
mainly NG limited. This is due to low emissions of CO 9 y g y

and VOCs and often low background N@vels over most large cargo vessels to 130 days for small cargo vessels. The

. X . variation in traffic and emissions between different months
Oceanic areas. The hypothesis was tested and discussed s to be as much as 10%. Shio tvpe specific modellin
Endresen et al. (2003). We have therefore divided the July " P ype sp g

o . . - .’shows that the oil tankers, container carriers and bulk vessels
surface ozone contribution for the three major ship types with :
. . L - consume about 50% of the marine bunker used by the world
their respective global NPemissions in Fig. 15. In order to

L . L fl f n going v Is. Th | fuel consumption i
reduce the contribution of ship emissions to surface ozone eet of ocean going vessels € total fuel consumption Is

i i i 0,
over the western coast of North America it would be mosteStImateOI to about 217 Mt. Of this, approximately 5% or 11

efficient to regulate the emissions form container ships. A'vIt is consumed in ports. Some studies have questioned the

different option, not discussed further here, would be to regu_reported sale of marine bunkers, and reported significantly

late the traffic. The tanker vessels contribute relatively muchhlgher estimates based on fleet modelling. This study does

to tropical surface ozone compared to the other ship typesnOt find any evidence for such high estimates. We provide

S . : ; évidence here to suggest that the input data to fleet modelling
However the total contribution from ship traffic to tropical o
. ) L . . have to be based on activity and movement data, and not on
ozone (Fig. 8 and Fig. 11) is limited. Container traffic has . . . .
N .limited data from engine manufactures for large ships.
the largest contribution to column ozone, as can be seen in _ . . . SO .
This study confirms earlier studies indicating that ship

Fig. 12. Comparing Fig. 12 with Fig. 16 it can be seen . L o
O . . o emissions have a significant contribution to the concentra-
that this is mainly because it has the largest emissions. Petr

unit emitted the effects of the different ship types on column lon of a number of atmospheric pollutants and greenhouse
; . . . ... gases.

ozone are more equal in magnitude (Fig. 16). For acidifi-

cation the contribution from ship emissions are mainly large
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Fig. 15. July average contribution (%) to surface ozone divided by Fig. 16. Yearly average contribution (%) to column ozone divided
global nitrogen emissions (Tg(N)) for bulk ships (upper), container by global nitrogen emissions (Tg(N)) for bulk ships (upper), con-
ships (middle) and oil tankers (bottom). tainer ships (middle) and oil tankers (bottom).
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) o . .. Fig. 18. Yearly average contribution (%) to sulphur wet deposition
Flg 17. Yearly average Contltlbl%tlon (%) to nitrate Wet-deposltlon divided by global sulphur emissions (Tg(S)) for bulk ships (upper),
divided by global nitrogen emissions (Tg(N)) for bulk ships (upper), -ontainer ships (middle) and oil tankers (bottom).
container ships (middle) and oil tankers (bottom).
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Effcency of change With regard to the efficiency of possible emission regula-
tions it is also of interest to see how different geographical
operation profiles of major ship types impact particular re-

gions or vulnerable areas. Compared to the two other ma-

02 [ jor ship types, bulk carriers show larger impacts in Oceania
G | NF o = e which is one of the export regions. The container ships have
: o large impact over the northern mid-latitude Oceans where the
trades between the major economic regions of the world oc-

cur. The tank vessels are characterized by having their largest

s = impact at low latitudes, near the export regions the Gulf of
4 Mexico and the Middle East propagating along the ship-lines
of the Indian Ocean towards East Asia. For surface ozone
in July the contribution of bulk ships is less than 5% every-
Fig. 19. Changes in OH and methane lifetime divided by the nitro- \where. With regard to pollution levels over populated areas
gen emissions compared to simulations where the noted ship-typege contribution is only a few percent over most coastal re-
are excluded. gions. The contribution of the container traffic is large over
the Atlantic and in particular the Pacific Oceans on the trades
between North America and Asia. Though the contribution
Ship emissions are a strong contributor over much of thefrom the container traffic decreases rapidly inland from the
world Oceans to surface concentrations of primary compo-coast, the container ships seem to have a significant impact
nents, especially NQand SGQ. The contribution to NQ, on the surface ozone levels in coastal zones of Western North
SO, BC and OC is also large over some coastal zones. SecAmerica. The contribution from the tanker traffic is smaller
ondary species formed from the effluents in the ship emis-but up to 3-5% in the Arabian Sea and Gulf of Mexico. The
sions have longer chemical lifetimes and are transported ircontainer traffic is the ship type with the largest total emis-
the atmosphere over several hundreds of kilometres. Therebsions and also the largest impact for all components. The
they can contribute to air quality problems on land. In gen-bulk ships have the largest contribution of the three ship
eral an emission perturbation is most effective in increas-types at high southern latitudes. The contribution is mainly
ing ozone formation in regions with low background pollu- high during the Southern Hemisphere summer when there
tion. For surface ozone the ship contribution is therefore highis traffic to and from Antarctica. Wet deposition of acidic
over the background Oceans. But it might also be of signif-components is most critical over land, estuaries and coastal
icance over Western North America (contribution 15-25%), zones where they may cause acidification in regions with low
Western Europe (5-15%) and parts of the other continentsbuffering capacity. Bulk ships and tank vessels contribute up
Ozone perturbations in the upper troposphere are more imto 3—7% to wet deposition of nitrate on the west coast of
portant with regard to radiative forcing. A very simplified America, and also parts of the eastern coast of the continent.
measure of the ship impact to ozone as a greenhouse gasThe contribution is similar over coastal zones of Europe,
the contribution to the tropospheric column which we find Africa and Australia and small regions of Asia. In addition to
to be up to 5-6%. Ship emissions increase the OH radithis the container traffic has a much larger impact over West-
cal (by 3.67% in global yearly average) which is the major ern North America and South Western Europe/north western
reactant initiating removal cycles of atmospheric methanetip of Africa. Over South Western Europe/North western tip
As the direct emissions of methane from ships are smallof Africa the container contribution reaches 5-10% whereas
the ship traffic results in lower concentrations of this green-for the coast of Western North America it could be as high
house gas in the atmosphere. The global methane lifetimas 10-20%. The impact of sulphur wet deposition follows a
is reduced with 5.35% or 7.5% if a feedback factor is ac-very similar geographical pattern to that described for nitrate
counted for. Deposition of sulphur and nitrogen compounds pbut the relative perturbations are slightly lower.
may cause acidification of natural ecosystems and freshwater Though one ship type shows larger impacts than another
bodies and threaten biodiversity through excessive nitrogerthe impacts of each ship type are not necessarily propor-
input (eutrophication) (Vitousek et al., 1997; Galloway et al., tional to the amounts emitted. This is due to a nhumber of
2004; Bouwman et al., 2002). Our calculations show thatfactors discussed in Sect. 8. We therefore made calcula-
ships contribute 11% to nitrate wet deposition and 4.5% totions of the relative contributions per unit of pollutant emit-
sulphur wet deposition globally. The contribution to nitrate ted globally. However, some of our conclusions from our
wet deposition reaches 25-50% over North-Western Norttmon-emission weighted impact calculations (discussed para-
America and Scandinavia. For South-Western Europe an@raph above) holds. One example is that in order to reduce
north-Western Africa the contribution is 25—-35%. The sul- the contribution of ship emissions to surface ozone over the
phur deposition is also high in the same regions contributingwestern coast of North America it would be most efficient
15-25% and 15—-20% respectively. to regulate the emissions from container ships. The tanker
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vessels contribute relatively much to tropical surface ozone Directive; International Institute for Applied Systems Analysis:
compared to the other ship types, however the total contri- Laxenburg, Austria, March 2007, p. 74, 2007.
bution from ship traffic to tropical ozone is limited. Per Collins, W. J., Sanderson, M. G., and Johnson, C. E.: Impact
unit emitted the effects of the different ship types on col- of increasing ship emissions.on air qgality.and de.position over
umn ozone are more equal in magnitude. Regarding acid- Eu_r_ope by 2030. Meteorologische Zeitschrift, published online,
ification in Western North America, South Western Europe  d01-10:1127/0941-2948/2008/0296, 2008,
) . . . Cooper, D.A.: Exhaust emissions from ships at berth, Atmos. Env-

and Western Africa container traffic contributes the most per—.

) . . . iron., 37(27), 3817-3830, 2003.
unit sulphur and nitrogen emltteq. But bulk ships and tankCorbett, J. J. Winebrake, J. J., Green, E. H., Kasibhatla, P,
vessels are clearly also of some importance. Tank vessels are gyring, v, and Lauer, A.: Mortality from Ship Emissions:
the dominant contributors to acidification over Indonesia and A Global Assessment. Environ. Sci. Technol., 41(24), doi:
Malaysia. Interestingly, for Scandinavia and north Western 0.1021/es071686z, 8512-8518, 2007.
Europe where impacts on acidification and ozone from ship<orbett, J. J. and Koehler, H. W.: Considering alternative input pa-
are very evident the contribution from the three major ship rameters in an activity-based ship fuel consumption and emis-
types is moderate. Other ships participating in more coastal sions model: Reply to comment by Endresen, @.. et al. on “Up-
operations are likely to be the main contributors in this re- dated emissions from ocean shipping”, J. Geophys. Res., 109,
gion. D23303, doi:10.1029/2004JD005030, 2004. o

We find that our new inventory of global port emissions Corbett, J. J. and Koehler, H. W. — Updated emissions

. LS . from ocean shipping, J. Geophys. Res. Atmos., 108,
has to be considered when performing impact modelling. At doi:10.1029/2003JD003751, 2003.

!eaSt for NQ and SQ port emissions seem to be of signif- o hett 3. J.. Fischbeck, P. S., and Pandis, S. N.: Global Nitrogen
icance. For most ports the contribution to the two cOmpo-  anq Sulfur Emissions Inventories for Oceangoing Ships, J. Geo-
nents is in the range 0.5-5%, for a few ports it exceeds 10%. phys. Res., 104(D3) 3457—3470, 1999.

Due to nonlinearity in the chemistry it is not necessarily the Dalsgren, S. B. and Isaksen, I. S. A: CTM study of
largest ports that have the largest contribution since some of changes in tropospheric hydroxyl distribution 1990-2001 and
these already are situated in quite polluted regions. its impact on methane, Geophys. Res. Lett., 33, L23811,

doi:10.1029/2006GL027295, 2006.
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